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Materials and Methods
Plant growth conditions and generation of transgenic rice plants
The growth conditions and generation of transgenic plants were conducted according to Zhang et al (1) . Briefly, the Zhonghua 11 (Oryza sativa japonica) and Dongjin (DJ) rice cultivars were used in these experiments. Rice plants were grown in the field in Guangzhou, China (23°08′ N, 113°18′ E), where the growing season extends from late April to late September. The average low temperature range is 22.9-25.5°C, and the average high temperature range is 29.7-32.9°C. The day length ranged from 12 to 13.5 h. The plants were maintained with routine management practices. OsmiR528, OsUCL23, and OsD3 were overexpressed under the control of the CaMV35S promoter using A binary vector, pHQSN, which was constructed by inserting the CaMV35S promoter into the multiple cloning sites of pCAMBIA1390 between the HindIII and XbaI sites. The OsUCL23 knockout mutants were generated using CRISPR-Cas9-based genome editing technology. The following primers were used: OsUCL23 Target site: 5′-GTTGGACGTTTTCGCTTCCAAGA-3′ and 5′-AAACTCTTGGAAGCGAAAACGTC -3′; POT Target site: 5′-TCTTCATCACGCCGCTCATgttttagagctagaaat -3′ and 5′-ATGAGCGGCGTGATGAAGACggcagccaagccagca -3′. The transgenic rice plants were generated according to the Agrobacterium tumefaciens-mediated transformation methods. Briefly, embryonic calli were induced from rice seeds on N6 basal medium supplemented with 2mg/L 2,4-D. After co-cultivation of the calli with Agrobacterium strain EHA105 that harboring the binary vector, the calli were transferred to selection medium supplemented with hygromycin. Hygromycin resistant calli were subsequently used for shoot regeneration and root induction. The transgenic plantlets were then transferred to the field of the experimental station for normal growth and seed harvesting.
Semi-thin sections and transmission electron microscopy
Anther development process has been divided into 12 stages: stamen primordial stage (stage 1), archesporial cells differentialtion stage (stage 2), primary parietal cells differentialtion stage (stage 3), secondary parietal cells and primary sporogenous cell differentialtion stage (stage 4), secondary sporogenous cells differentialtion stage (stage 5), pollen mother cells differentialtion stage (stage 6), pre-meiosis stage (stage 7), meiosis stage (stage 8), early microspore stage (stage 9), late microspore stage (stage 10), binucleate pollen stage (stage 11) and mature pollen stage (stage 12) (2). Anthers with different length have been collected and observed by 4',6diamidino-2-phenylindole(DAPI) staining and section to monitoring their developmental stages. Anthers of 0.9-1.6 mm length are at stage 9, of 1.6-1.8 mm length are at stage 10, of 1.9-2.3 mm length are at stage 11, of 2.3-2.9 mm length are at stage 12.The anther samples at different stages were fixed in 2.5% paraformaldehyde -3.0% glutaraldehyde in 0.1 mol/L PBS (pH 7.2) for 4 h at 4°C and then washed 3 times in the same buffer, which was followed by post-fixation in 1% osmium tetroxide for 2 h at room temperature and 3 rinses using the same buffer. Specimens were dehydrated in a graded ethanol series and embedded in Epon812 (SPI Supplies Division of Structure Probe Inc., West Chester, PA, USA). Polymerization took place for 24 h at 40°C, followed by 24 h at 60°C. Specimens were cut to a thickness of 1 μm on a Leica RM2155 and were stained with 0.5% toluidine blue. Sections were observed and photographed with a Leica DMLB microscope. Ultrathin sections (50 to 70 nm) were double-stained with 2% (w/v) uranyl acetate and 2.6% (w/v) lead citrate aqueous solution and examined with a JEM 1400 transmission electron microscope (JEOL Ltd, Japan) at 120 kV.
Examination of gene expression by qRT-PCR analysis
Total RNA from rice seedlings at 14 d after germination or panicles before heading was reverse transcribed using the PrimeScript RT reagent kit (Takara, Japan). Real-time PCR was performed using SYBR Premix Ex Taq (Takara, Japan) to detect the PCR products. Actin2 was used as the reference gene. Real-time PCR was performed according to the manufacturer's instructions (Takara, Japan), and the resulting melting curves were visually inspected to ensure the specificity of the product detection. Gene expression was quantified using the comparative Ct method. The experiments were performed in triplicate, and the results are represented as the mean ± s.d. For Actin2, the primers were Actin2-F (5′-GTGCTTTCCCTCTATGCT-3') and Actin2-R (5′-CTCGGCAGAGGT GGTGAA-3′); for OsUCL23, the primers were OsUCL23-F (5′-ATGGAGTGGGCTCGAGGTCCAG-3′) and OsUCL23-R (5′-GAGATGTTGTTGGCGTTGGA -3′); for OsD3, the primers were OsD3-F (5′-CTTGATGGTGTTGCGGTGTG-3′) and OsD3-R (5′-AATGCAAGCCTCCTGATCCC -3′); for Pri-miR528, the primers were Pri-miR528-F (5′-CCCATAATATAAACTCTGCA-3') and Pri-miR528-R (5′-GGGATAGGTAGGTGTTATGT -3′) (3, 4) ; for Pre-miR528, the primers were Pre-miR528-F (5′-GCAGAGGAGCAGGAGATTCA-3') and Pre-miR528-R (5′-GAAGAGGCAAGCACAGGAGA -3′); for OsmiR528, the primers were
Northern blot analysis.
Total RNA was isolated with TRIzol (Invitrogen) from each sample according to the manufacturer's instructions. Northern blotting was performed as described with some modifications (5) . Briefly, 80 μg of total RNA from the transgenic and wild-type plants were resolved on a denaturing 10% polyacrylamide gel and then electrophoretically transferred to Hybond-N+ membranes (Amersham, GE Life Sciences) using a semidry blotting apparatus (BioRad). The membranes were then irradiated with UV light for 4 min and baked at 80°C for 50 min. DNA oligonucleotides complementary to different miRNA sequences were synthesized (Sangon, Shanghai). The 5′ ends of the DNA probes were labeled with [γ-32 P]ATP (Yahui Co.) using T4 polynucleotide kinase (TaKaRa). The membranes were prehybridized for at least 30 min in hybridization buffer (5× SSC, 20 mM NaH 2 PO 4 pH 7.2, 7% SDS, 2× Denhardt's Solution) and then were hybridized overnight at 42°C. After washing three times with 2× SSPE/0.1% SDS at room temperature, the membranes were exposed to a phosphor screen and visualized using a Typhoon 8600 variable mode imager (Amersham Biosciences). The probes used for OsmiR528 northern blot analysis was 5′-CTCCTCTGCATGCCCCTTCCA-3′ and for tRNA was 5'-GTCAGTACCGTGGGAGGGTA-3'.
Histochemical GUS staining
A binary vector, pCAMBIA1303 was used to generate the GUS-OsmiR528 transgenic line. The ~2000-bp region upstream of the OsmiR528 locus was used as the promoter region to control the expression of GUS gene. The GUS activity in the transgenic plants was localized by histochemical staining with 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc). Transgenic plants were cut and incubated overnight at 37°C in staining buffer (1 mM X-Gluc, 100 mM sodium phosphate [pH 7.0], 10 mM EDTA, 0.5 mM K 4 Fe(CN) 6 , 0.5 mM K 3 Fe(CN) 6 , and 0.1% [v/v] Triton X-100) and then destained in 70% ethanol before photographing.
Cytochemical Analysis
The intine was stained with 0.1% calcofluor white for 15 min. The stained pollen was monitored under UV light with a confocal microscope. We have then calculated the ratio of fluorescent area to total pollen area of each pollen grain by image J. The pollen grains with the ratio less than 3020% and have irregular fluorescent area shape were considered as intine defective pollen grains. After staining with 0.001% auramine O in 17% sucrose, the pollen was observed on the fluorescein isothiocyanate channel of the microscope to observe the exine (6) . To estimate pollen viability, mature pollen grains were stained in Alexander solution (7) .
Metabolic profiling
A liquid chromatography-electrospray ionization-tandem mass spectrometry system as described previously was used for the relative quantification of widely targeted metabolites in rice anther samples (8) . Mature anther of WT, OXmiR528, mir528, ucl23 and OXUCL23 plants were collected respectively and used for the metabolic profiling. 200mg dry weight samples were used for one assay, and we performed three replications for each sample.
Transient expression assay and BiFC
Two-week-old rice shoots were used to isolate protoplasts. A bundle of rice plants (approximately 30 seedlings) were cut together into approximately 0.5-mm strips with propulsive force using sharp razors. The strips were incubated in an enzyme solution (1.5% cellulose RS, 0.75% macerozyme R-10, 0.6Mmannitol, 10 mM MES, pH 5.7, 10 mM CaCl2 and 0.1% BSA) for 4nd 0.1% BSA) formM CaClCl MES, pH 5.7, 10 mM CaCl10 mM CaClolution (1.5% cellulose RS, 0.75%tely of W5 solution (154 mM NaCl, 125 mM CaCl2, 5mM KCl and 2mM MES, pH 5.7) was added, followed by shaking (6025 mM CaCl10 mM CaCl10 mM CaClolution (1.5% cellulose RS, 0 through 40-owed by shaking (6025 mM CaCl10 mM CaCl10 mM CaClolution (1.5% cellulose RS, solution. The pellets were collected by centrifugation at 800 rpm for 3 min in a swinging bucket. After washing once with W5 solution, the pellets were then resuspended in MMG solution (0.4Mmannitol, 15 mM MgCl2 and 4 mM MES, pH 5.7) at a concentration of 2 2n6 cells mL-1. BIFC PEG-mediated transfections were performed as previously described (9) . Protoplasts were observed using a confocal laser-scanning microscope (Zeiss 7 DUO NLO) at 488 and 561 nm excitation. All manipulations described above were performed at room temperature. 
